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Subseabed Disposal of

Nuclear Wastes

Charles D. Hollister, D. Richard Anderson, G. Ross Heath

The management of radioactive
wastes has received new emphasis in
recent years because of increasing con-
cerns with environmental effects over
very long periods of time and because of
the expansion of nuclear technology in
the United States and abroad (7).

(Fig. 1). High-level waste is considered
the most difficult radioactive waste to
dispose of because of its heat, radiation
output, and longevity (5). If subseabed
disposal is found to be feasible for such
wastes, then other factors such as cost
will become dominant in determining

Summary. Fine-grained clay formations within stable (predictable) deep-sea re-
gions away from lithospheric plate boundaries and productive surface waters have
properties that might serve to permanently isolate radioactive waste. The most
important characteristics of such clays are their vertical and lateral uniformity, low
permeability, very high cation retention capacity, and potential for self-healing when
disturbed. The most attractive abyssal clay formation (oxidized red clay) covers nearly
30 percent of the sea floor and hence 20 percent of the earth’s surface.

Much effort has been expended in re-
searching geologic media on the conti-
nents, yet two-thirds of the planet’s geol-
ogy (submarine) has been largely ig-
nored. Although there are not sufficient
data now to assess the technical feasibil-
ity of subseabed disposal of nuclear
wastes, enough is known to define the
questions as well as the systematic inter-
disciplinary efforts required to answer
them. We believe that we have identified
a geologic formation that deserves care-
ful study as a possible repository medi-
um; in this article we will outline our
reasons for this belief in the context of
present waste management strategies
).

Our primary objective in this article is
to stimulate discussion within the many
scientific disciplines that should be in-
volved in assessing the feasibility of dis-
posing of processed and packaged high-
level nuclear waste (3) in geologic forma-
tions beneath the world’s oceans (4)
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whether it should also be used for other
nuclear and perhaps even hazardous
chemical wastes. The United States
should also assess the marine nuclear
waste disposal programs of other na-
tions.

Two basic questions must be an-
swered in order to evaluate the environ-
mental, technical, and engineering feasi-
bility of the subseabed disposal concept:

1) Is there a barrier or set of barriers
(6), natural or man-made, that will offer
satisfactory containment of radionu-
clides? The natural barriers that have
been considered are basement rock, sed-
iments, and ocean water, and the man-
made barriers are the waste form, canis-
ter, and ‘*sacrificial’’ layers (overpacks).
Of the natural barriers, basement rock
(basalt) has not been considered further
because of its extreme lateral variability
(7) and locally high bulk permeability (8).
Ocean water has also not been pursued
because deep ocean water has too short
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a mixing time (on the order of 10° years)
to act as a barrier to the movement of
long-lived nuclides, even though it does
effectively bar man from potential dis-
posal sites.

2) Will these barriers still be adequate
after the introduction of waste contain-
ers? Key issues raised by this question
include the effectiveness of hole closure
after physical disruption of sediments,
and the effects (possibly synergistic) of
heat and radiation on the barrier proper-
ties of waste form, canister, and sedi-
mentary materials.

It is clearly impossible to perform ex-
periments for the expected life of a re-
pository—10° to 10° years. Therefore we
must rely on models of repository, canis-
ter, and waste form behavior to predict
the future capabilities of a disposal
scheme to contain nuclear waste. The
process of evaluating a waste disposal
scheme consists largely of the construc-
tion and verification of such models.

Site Selection

Limited resources are available for
evaluating the concept of subseabed dis-
posal. In order to use these resources
productively, effective strategies must
be divised for selecting acceptable geo-
logic formations and for assessing the
scientific and engineering feasibility of
the concept.

Strategy for site studies. Since the
geologic formations beneath the oceans
are vast (covering about 70 percent of
the surface of the globe) and the re-
sources available to study them are
small, we have developed a methodology
which, after the appropriate research has
been completed, will allow acceptable
sites to be identified. The approach (9)
involves the following steps:

1) Development of a list of exclusion-
ary criteria to decrease the global area
under consideration to a manageable
size.
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2) Ranking of the areas not excluded
in step 1 by use of historical (archival)
data.

3) Acquisition of additional reconnais-
sance information for smaller areas of
interest.

4) Selection of potential sites and ac-
quisition of site-specific data by which
they can be ranked.

5) Concentration on one or more sites
in each of the two oceans (Atlantic and
Pacific) from those still considered ac-
ceptable for long-term engineering and
environmental studies.

Site evaluation. In this study, we have
focused on deep-sea formations that are
geologically stable and uniform and that
have spatially and temporally predict-
able properties. The identification of re-
gions beneath the sea floor that are sta-
ble, uniform, and predictable depends on
several principles of modern marine ge-
ology.

The submarine physiographic ele-
ments of our planet result from litho-

Fig. 2. Predicted iso-

1 year

spheric plate motions. Plate collision or
subduction typically yields deep-sea
trenches, whereas plate separation or
spreading yields mid-oceanic ridges that
subside into abyssal hill terrains as they
cool. Plate slippage or translation along
faults such as the San Andreas yields
rugged fracture-zone topography. Varia-
tions in the rate of accumulation of sedi-
ment modify this basic crustal morpholo-
gy.

Wind stress and the density changes
that result from evaporation and precipi-
tation produce surface and subsurface
currents in the ocean. Where surface
currents diverge, relatively cold but nu-
trient-rich deeper water wells up to the
sunlit (photic) zone and supports high
biological productivity. The same pro-
cess occurs where strong offshore or long-
shore winds push surface waters sea-
ward from continental margins, or where
nutrients are introduced from the land.
In such biologically productive regions
(10), vast amounts of skeletal debris fall
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therms around a can-
ister containing 1.5
kilowatts of high-level
waste at 1 and 10
years after burial.
Note that the maxi-
mum extent of the
100°C isotherm, the
temperature  below
which it now appears
that significant hydro-
thermal alteration of
the sediment will not
occur, is less than 0.8
m from the canister.
The region within this
isotherm (near field)
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tens of meters of sediment above the canister. Thus, although the chemical environment within
the 100°C isotherm may be significantly altered, the effects on the total geologic barrier are

minor.
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to the seabed, where, in the absence of
dissolution and dilution by inorganic de-
bris, they form geologic formations
called carbonate or siliceous oozes (de-
pending on composition). These forma-
tions, which cover approximately 50 per-
cent or about 200 x 10° square kilome-
ters of the ocean floor, are commonly
found at depths of 2 to more than 5 km.

Ocean margins beyond the continental
shelf are characterized by sediments
called hemipelagic mud, which contain
biogenic remains mixed with weathered
rock particles and other debris from the
continents. This material, which is rich
in organic carbon (as much as a few
percent) compared with other deep-sea
sediments, covers about 20 percent or
50 x 10° km? of the ocean floor.

Away from the biologically productive
areas are vast open ocean regions, where
a slow rain of windblown particles from
land, meteoric and volcanic dust, insolu-
ble biogenic debris, fine precipitates
from mid-ocean ridge hydrothermal sys-
tems, and authigenic minerals accumu-
lates on the sea floor. In the absence of
redistribution by bottom currents or tur-
bidity currents, these materials produce
a unique geologic formation that blan-
kets about 30 percent (100 x 10° km?)
of the sea floor. This dark, chocolate
brown, fine-grained (average particle
size much less than 5 micrometers), ex-
tremely cohesive sediment is called
abyssal red clay. It is generally found
away from plate boundaries in deep
(greater than 5 or 6 km) open ocean areas
seaward of the continental margins and
abyssal plains. Its rate of accumulation is
on the order of 0.1 to 10 millimeters per
1000 years. This rate, coupled with a
continually renewed supply of oxygen in
abyssal waters (generally 3 to 6 milliliters
per liter), produces an oxidized deposit
low in organic carbon (commonly less
than 0.1 percent by weight). In many of
the ocean basins, plate motions have
carried sites from one depositional re-
gime to another, resulting in the superpo-
sition of different sediment types.

We believe that certain of these deep-
sea formations may be able to contain
nuclear wastes in that they combine de-
sirable barrier properties (see below)
with continuous, stable (/1) depositional
histories. We argue that predictions of
future geologic stability can only be
credible for regions where the desired
stability has prevailed and can be dem-
onstrated over a period of time at least
an order of magnitude longer than that
required for waste isolation. Therefore,

_if an isolation period of the order of 10°

to 10° years is required, a continuous
geologic record of past environmental
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stability for at least 107 years should be
demonstrable. Because large regions of
the deep ocean basin are, and have been,
sites of continuous deposition, the selec-
tion of relatively small [10* km? (I2)]
areas with continuous geologic records
spanning tens of millions of years is
relatively easy (13).

Because water-saturated sediment is
an excellent medium for the propagation
of sound, the lateral and vertical continu-
ity and uniformity of these deposits can
be tested by standard acoustic (seismic)
reflection techniques from either surface
ships or, for very high resolution, towed
near-bottom vehicles. The acoustic rec-
ords can be calibrated with sediment
cores, which are recovered routinely by
piston coring or from the deep-sea drill-
ing ship Glomar Challenger.

In summary, the chances of finding a
potential waste repository are greatest
away from plate boundaries, where geo-
logical perturbations such as large earth-
quakes, volcanoes, or faults disrupt the
uniform layers of sediment, and away
from areas of steep or rugged topogra-
phy, where slumping or erosion by deep-
sea currents may interrupt the continu-
ous deposition of fine sediment. In order
to minimize interference from human
activities, areas that contain natural re-
sources such as major fisheries or ex-
ploitable hydrocarbon or mineral depos-
its should also be avoided (/4).

The Multiple-Barrier Principle

One way of assessing a proposed re-
pository is to balance the rates of decay
of the radionuclides against the rates at
which they migrate toward man. In a
subseabed disposal system, the waste
form, the canister, and the sediments
within the maximum extent of the 100°C
isotherm (called the near-field environ-
ment; see Fig. 1) would be the primary
barriers during the thermal period of
about 500 years. The thermally unaltered
sediment outside the 100°C isotherm
(far-field environment) would be the pri-
mary barrier for long-term containment.
The benthic boundary layer and the wa-
ter column, although already part of the
biosphere, are significant diluent and ac-
cess barriers (6).

Since waste-isolation times of the or-
der of 10° to 10° years prohibit real-time
experiments to demonstrate contain-
ment, we must use mathematical models
to predict the response of each barrier
and assess its adequacy.

Near-field interactions.  Nuclide
movement through the sediment is driv-
en by chemical and physical gradients,
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which are determined by the natural or
modified properties of the sediment.
During the first few years after waste
emplacement, the fission product-domi-
nated output of heat, radiation, and ions
would induce chemical, physical, and
mechanical gradients different from
those naturally present. Accurate deter-
mination of these gradients will be criti-
cal in predicting the integrity of waste
form, canister, and nearby sediments.
In red clay sediments, which have
very low permeabilities [107° to 1077
centimeters per second for a unit hydrau-
lic gradient (15)], heat is transferred from
the canister by conduction; the maxi-
mum convective displacement of a water
particle originating on top of a canister in
such sediment, given the thermal system
defined below, is only about 30 c¢m (16).
The thermal conductivity of the sedi-
ment is nearly constant at 1 watt-meter
per degree Celsius over the temperature
range 25° to 300°C. Considerations of
chemistry require that the temperature at
a canister wall not be allowed to exceed
about 250°C. This restriction, combined
with a thermal conduction model (/6),
the measured thermal properties of red
clay sediment, a canister geometry of 0.3
by 3 meters, and an exponential thermal
decay curve for 10-year-old waste, yields
an upper limit of 1.5 kilowatts for the
initial thermal output of each canister.
The maximum dimensions of the 100°C
isotherm surrounding the canister would
be limited in both space and time; the
radius of the isotherm would be less than
1 meter at its maximum extent (Fig. 2).
In these calculations it is assumed that
there is no significant thermal or chemi-
cal interaction between canisters, a re-
striction of no practical concern since

T L 1

T

16°C

85°C 85°C

canisters need not be emplaced less than
100 m apart.

At pressures corresponding to sub-
seabed disposal depths (500 to 600 bars
at 5000 to 6000 m) seawater does not boil
(17). The density of seawater does de-
crease by approximately 15 percent for a
temperature increase from 2° to 250°C,
however (I8). A major emphasis of our
study at present is on determining
whether such a density and correspond-
ing strength change in the sediment
could lead to sinking of a waste canister
or flotation of a bolus of warmed sed-
iment. Preliminary model calculations
suggest that both phenomena would oc-
cur but that the displacements would be
very small. Because of the dearth of
theory and data on appropriate material
properties, we expect the unequivocal
resolution of this problem area to take
several more years.

When samples of seawater and water-
sediment mixtures are heated to 300°C at
high pressures, the solution pH changes
from 8 to 3. Below 250°C the pH change
is less marked (/6). For a canister with a
peak wall temperature of 250°C in illitic
red clay sediment, calculations suggest
that less than 2 cubic meters of unheated
sediment would be needed to neutralize
all the acid generated in the thermally
perturbed region of about 5.5 m® (79).

A large number of canister materials
have been evaluated for corrosion rates
in oxygenated and deoxygenated seawa-
ter environments. At this time the most
promising candidate for a canister endur-
ance of 500 years is Ticode 12 (20). The
corrosion behavior of this material in
seabed environments at elevated tem-
peratures, pressures, and radiation lev-
els is under investigation.
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Fig. 4. Long-lived isotopes with high K’s, such as 2*°Pu, will decay in place with virtually none
reaching the surface. The predicted axisymmetric distribution of 2*°Pu about a buried canister
after 100,000 years is shown. Although 4.1 half-lives of >**Pu have elapsed, a little less than one-
third of the original inventory remains because of the decay of >**Am to 2*°Np and then to **Pu.

Far-field interactions. The plastic sed-
iments beyond the near-field form the
primary long-term geologic barrier to the
migration of radionuclides. Movement
through these sediments is by diffusion,
convection, advection, or combinations
thereof, and can be driven by either
natural or artificially induced gradients.

The only known natural driving forces
for pore-water movement within flat-
lying deep-sea sediments are compaction
and geothermal heating. Existing perme-
ability data for both undisturbed and
remolded sediment suggest that, in the
absence of geothermal circulation, the
natural pore-water velocity is compara-
ble to the rate of sediment accumulation
(0.1 to 10 mm per 1000 years). Thus, in
the absence of an anomalous geothérmal
flux (21), pore water from deep within
the sediments will not reach the sedi-
ment-water interface (22).

One of the most important far-field
geologic processes is sorption of waste
elements onto solid particles, the magni-
tude of which can be specified by a
distribution coefficient (Kgy). This is the
ratio of the concentration of a sorbed
chemical species (in this case of a radio-
nuclide) to the concentration of the same
species in solution in the pore waters of a
given volume of saturated sediment (23).
A large K indicates strong sorption; the
larger the value, the larger the propor-
tion of the chemical species attached to
solid particles relative to that dissolved
in the surrounding pore water. For a
given element, Ky varies with tempera-
ture, concentration of the species of in-
terest, solution composition, and the na-
ture of the solid substrate (24). Existing
data show that for trace concentrations,
the K4's for cations such as calcium,
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strontium, barium, thorium, and europi-
um vary by less than a factor of 10
among the three major sediment types:
hemipelagic muds, pelagic red clays, and
biogenic ocozes. Most such values for
dilute cation solutions are in the range
10° to 10° milliliters per gram (24). Labo-
ratory batch sorption coefficients for red
clay sediment have been measured for
many radionuclides at 15° and 85°C (Fig.
3). North Pacific clay sediments have
some of the highest K values for cations
of any geologic medium examined to
date. For anionic species such as I” or
TcOy, oxidized pelagic sediments have
Ky’s very close to zero. Values for Tc Of
in reduced (S® -bearing) sediments,
however, can exceed 10° ml/g (25).

Results from our thermal model and
sediment-nuclide interactions have been
combined in a computer model to calcu-
late ion concentrations around a buried
source as a function of time (Fig. 4) (16).
Initial estimates suggest that for a 1.5-
kilowatt decaying heat source (i) a water
molecule will be transported by thermal-
ly induced movement approximately 0.3
m in 1000 years (after which, effectively,
all the heat is gone), and (ii) a radionu-
clide with a distribution coefficient of 10°
to 10 ml/g, a half-life of less than 500,000
years, and a burial depth of 15 m or more
in the sediment will not reach the benthic
boundary layer at the surface of the
sediment before it has decayed essential-
ly to zero concentration,

The water column. Recent advances in
physical oceanography have shown that
the circulation of the oceans is far from
uniform (26). Mean flows are rarely as
energetic as fluctuations, and the tempo-
ral and spatial variability of such fluctua-
tions is still essentially unpredictable. It

is clear, however, that the seas are well
mixed on time scales of thousands of
years. Calculating mixing (or stirring)
rates and directions for times shorter
than these will require considerable
study. Thus, the ocean is not a good
primary barrier. However, it can dilute
and disperse harmful materials, as well
as provide an imposing barrier to human
access to a repository, even at current
levels of technology.

Other Considerations

Emplacement. Only conceptual out-
lines of potential emplacement methods
have been developed thus far. The free-
fall penetrometer is the simplest con-
cept, but it relies on terminal speeds
being adequate to penetrate the sediment
to sufficient depths and on holes closing
behind without mechanical aids. If suffi-
cient depths cannot be achieved with a
free-fall penetrometer, a boosted version
is the next least complex emplacement
system. The boosting system might be a
launch tube held just above the sediment
surface, from which the penetrometer
could be fired downward by use of a
propellant. Present navigational tech-
niques would allow guidance of a pene-
trometer to within a few meters of a
desired spot [a requirement for any sub-
sequent recovery by an overcoring de-
vice (27)]. This method employs tech-
niques that are currently available or
close to state-of-the-art technology.

If hole closure cannot be ensured for
the penetrometer emplacement method,
an injector system might also be em-
ployed with either a cable-lowered de-
vice or coring technology comparable to
that now in use by the Deep Sea Drilling
Project (28). In the latter case, the em-
placement operation could be controlled
inside the drill string, which is able to
penetrate several hundred meters below
the sea floor. Withdrawal of the injector
system would create suction forces that
would tend to close the hole.

In all cases, the emplacement hole
must close or be closed (backfilled) im-
mediately after emplacement of the
waste. Initial laboratory work on dynam-
ic penetration of a canister into visco-
elastic red clays suggests that the hole
may close rapidly after fast penetration
(29). Detailed predictive models for both
rapid and slow insertion are being devel-
oped, and in situ field validation tests
will be completed before acceptance of
any emplacement concepts.

Transportation and storage. We as-
sume that solidified high-level waste
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would be transported by land to a coastal
embarkation point. Such transportation
would be done by conventional methods
now under development by the transpor-
tation division of the Department of
Energy (30). For the reference pene-
trometer emplacement system, the
waste, packaged in a specially designed
penetrometer container or overpack,
would be placed aboard a combination
transport-emplacement ship and carried
to the disposal area. Each penetrometer
would be fitted with locating devices and
recovery mechanisms. The locating de-
vices (transponders) would be designed
for an operational life of several years.
Such devices would be used to locate
any waste container lost before emplace-
ment. After emplacement, the location
of each canister in the sediment would be
precisely determined by use of a deeply
towed “‘fish’’ (31) fitted with sub-bottom
acoustic-magnetic sensor systems.

Institutional. Article IV(1)(a) of the
London Dumping Convention prohibits
the “‘dumping’’ of high-level waste or
spent fuel into waters of the oceans (32).
Our concept involves neither dumping,
as defined by the convention, nor place-
ment of wastes in the waters of the ocean
or on the seabed. Instead, we are assess-
ing the feasibility of precisely engineered
placement within a suitable geologic for-
mation beneath the seabed. If this con-
cept is practical, it will be critical to
establish a national and international
framework within which the option can
be used. Currently, an international
study group of eight nations exchanges
technical details on the subseabed dis-
posal option (33).

Relative costs. 1t is inappropriate, if
not impossible at this time, to estimate
detailed costs of a subseabed emplace-
ment system. However, crude compari-
sons with continental geologic disposal
options provide a sense of relative costs
and a starting point for more sophisticat-
ed cost analyses. We suggest that the
costs of packaging and land transporta-
tion of waste to a land disposal site or a
port facility would be comparable. The
receiving and ship-loading facility for our
concept can be compared to the above-
ground facilities .at a mined geologic re-
pository. The transport and emplace-
ment ship would cost approximately
one-sixth the amount required to dig the
shafts and drifts for a repository in gran-
ite. Costs of emplacement within the
sediments would be similar to costs for
the operational phase of a mined reposi-
tory. For a mined repository there is an
additional cost for backfilling and shaft
sealing. The shutdown cost of the sub-
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seabed repository is estimated to be
zero, the decommissioning and decon-
tamination (D & D) costs of the dock and
ship facilities should be comparable to
the D & D costs of the aboveground
facility at a mined repository. Thus, our
preliminary estimate is that the costs of
the two options are of the same order.

Conclusion

Shortly before his death, the well-
known oceanographer John D. Isaacs
wrote: ‘‘Perhaps the most importart re-
lationship of the ocean to human power
needs in the future will be in the employ-
ment . . . of the deep region below the
sea floor for the disposal of nuclear
waste’’ (34). We are committed to a
rigorous and open assessment of this
possibility (35).
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Pheromones: Background and
Potential for Use in Insect Pest Control

The biosphere has been drenched with
insecticides, but effective, environmen-
tally acceptable control of insect pests
has not been achieved.

Because of its extraordinary toxicity
in insects and relative safety in mam-
mals, DDT was formerly hailed as the

Robert M. Silverstein

farmer, under the urging of the insecti-
cide salesman, was to further increase
the dosage (/). Finally, the problems of
environmental contamination by nonbio-
degradable insecticides were brought
home to the public by the appearance in
1962 of Silent Spring (2). Because of

Summary. Pesticides have not been a satisfactory solution to the control of insect
pests. Pheromones show promise as a component of integrated pest management.

agricultural analog of penicillin, the mod-
ern miracle of medicine—and justly so.
DDT killed insects that destroyed crops
and were vectors of disease; crops flour-
ished and millions of human lives were
saved iu the era including and following
World War II. But in response to contin-
ual, excessive applications of the insecti-
cide, the major insect pests developed
resistance. Furthermore, populations of
the natural enemies of major and minor
pests were often reduced to ineffective
levels. Thus the miajor pest population
rebounded, and minor pests became ma-
jor pests. The inevitable response of the
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resistance and environmental problems,
industry produced new insecticides,
many of which were biodegradable but
much more toxic to nontarget organisms.
The honey bee and other beneficial in-
sects, birds and other wildlife, and hu-
mans continue to be at risk, and the
ratchet effect of increased resistance
leading to increased dosage goes on.
This is by no means a plea for a total
ban on insecticides. It would be as fool-
ish to discard DDT and its analogs as to
discard penicillin and its analogs simply
because of the abuses committed in agri-
culture and in medicine. Retrospective-
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ly, the abuses are understandable. Both
materials are extraordinarily effective
and easy to apply, are manufactured
cheaply in large quantities, and are ma:le
available in convenient form through we-
fined channels: through insecticide sales-
men directly to farmers; through phar-
maceutical salesmen and practicing phy-
sicians “0 patients. Ideally, physicians
prescribe ‘¢ appropriate drug, but since
they may lack time for continued training
in pharmacology, they often find it con-
venient to accept the advertising litera-
ture and the urgings of the salesmen.
Physicians may also accede to the de-
mands of patients who have been condi-
tioned to expect instant cures with mir-
acle drugs. Farmers frequently have no
buffer between themselves and the sales-
men, and larger dosages mean larger
returns to the salesmen and the manufac-
turers. In both cases, a sound concept is
perverted to dubious use; the scientist
proposes and the salesman disposes. In
some instances, however, the farmer is
well served by the local distributor
whose interests are tied to those of the
community. For example, Wilbur-Ellis
Co. has effectively promoted integrated
pest management programs and, in fact,
helped carry out some of the programs
that resulted in decreased insecticide
use. The merits and limitations of con-
ventional insecticides have been summa-
rized and recommendations made for
their use in systems of integrated pest
management [see (3)].
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